ABSTRACT GLI transport to the primary cilium and nucleus is required for proper Hedgehog (HH) signaling; however, the mechanisms that mediate these trafficking events are poorly understood. Kinesin-2 motor proteins regulate ciliary transport of cargo, yet their role in GLI protein function remains unexplored. To examine a role for the heterotrimeric KIF3A-KIF3B-KAP3 kinesin-2 motor complex in regulating GLI activity, we performed a series of structure-function analyses using biochemical, cell signaling and in vivo approaches that define novel specific interactions between GLI proteins and two components of this complex, KAP3 and KIF3A. We find that all three mammalian GLI proteins interact with KAP3 and we map specific interaction sites in both proteins. Furthermore, we find that GLI proteins interact selectively with KIF3A, but not KIF3B, and that GLI interacts synergistically with KAP3 and KIF3A. Using a combination of cell signaling assays and chicken in ovo electroporation, we demonstrate that KAP3 interactions restrict GLI activator function but not GLI repressor function. These data suggest that GLI interactions with KIF3A-KIF3B-KAP3 complexes are essential for proper GLI transcriptional activity.
INTRODUCTION
Hedgehog (HH) signaling is an evolutionarily conserved pathway that is indispensable for embryonic development and also functions in adult tissue homeostasis, renewal and regeneration (reviewed in McMahon et al., 2003; Briscoe and Thérond, 2013) . Vertebrate HH signaling initiates when secreted HH ligands bind to the twelve-pass transmembrane receptor Patched (PTCH1) (Stone et al., 1996; Marigo et al., 1996) and to the co-receptors GAS1, CDON and BOC ; this relieves inhibition of Smoothened (SMO), a seven-pass transmembrane G-protein-coupled receptor (GPCR)-like protein that initiates a signal transduction cascade culminating in modulation of the GLI family of zinc-finger transcription factors (GLI1-3) (Hui and Angers, 2011) . As effector molecules of the HH pathway, GLI proteins act in the nucleus to both activate and repress HH target gene expression (Ruiz i Altaba, 2011; Sasaki et al., 1999; Stamataki et al., 2005; Vokes et al., 2007) .
There are three mammalian GLI proteins -GLI1, which functions exclusively as a transcriptional activator and is dispensable for mammalian development (Bai et al., 2002) , GLI2, the main transcriptional activator of the HH pathway (Ding et al., 1998; Bai et al., 2002) , and GLI3, which acts primarily as a transcriptional repressor (Altaba, 1999; Bai et al., 2004) . GLI2 and GLI3 both contain N-terminal repressor and C-terminal activation domains that regulate their function (Sasaki et al., 1999; Aza-Blanc et al., 2000; Stamataki et al., 2005) . In the absence of HH signaling, GLI2 and GLI3 are proteolytically processed into N-terminal repressors that inhibit HH target gene transcription (Wang et al., 2000) . Conversely, HH ligand stimulation promotes the accumulation of full-length GLI2 and GLI3 that activate HH target gene transcription (Pan et al., 2006) .
Recent studies indicate a significant role for primary cilia in the regulation of GLI protein processing and function (reviewed by Nozawa et al., 2013) . GLI2 and GLI3 constitutively traffic through primary cilia at low levels (Haycraft et al., 2005; Norman et al., 2009) , and activation of the HH pathway promotes GLI2 and GLI3 accumulation at the tips of primary cilia (Endoh-Yamagami et al., 2009; Wen et al., 2010) ; this correlates with the accumulation of full-length GLI proteins that activate HH target gene transcription. Notably, all mammalian GLI proteins traffic to primary cilia (Haycraft et al., 2005) , and disruption of ciliogenesis affects both the processing and function of GLI2 and GLI3, which results in defects in digit formation and neural tube patterning (Haycraft et al., 2005; Liu et al., 2005) . Despite their implication in GLI protein regulation, the mechanisms by which primary cilia regulate GLI activity and processing are not well understood.
Intraflagellar transport (IFT) complexes are responsible for cilia formation and maintenance, and for the trafficking of cargo within primary cilia (reviewed by Pedersen and Rosenbaum, 2008) . These complexes consist of IFT particles (A and B) that are trafficked along microtubule-based axonemes by anterograde (kinesin-2) and retrograde (dynein) motor proteins (reviewed by Goetz and Anderson, 2010) . Roles for these various IFT components in GLI protein ciliary trafficking are starting to emerge. For example, mutations in genes that encode components of retrograde motors (Dync2h1), IFT A complexes (Ift122), or IFT B complexes (Ift25, also known as Hspb11) cause GLI protein mislocalization at ciliary tips that correlates with aberrant HH signaling (Ocbina et al., 2011; Qin et al., 2011; Keady et al., 2012) . Although these studies indicate a role for IFT particles and retrograde motors in GLI processing and function, the mechanisms of how GLI proteins are trafficked within and between subcellular compartments remains largely unexplored.
One outstanding question is: what regulates the intracellular trafficking of GLI proteins between the cytoplasm, nucleus and primary cilium? The KIF3A-KIF3B-KAP3 heterotrimeric complex is an evolutionarily conserved kinesin-2 motor that mediates plus-end-directed protein transport along microtubules and plays important functional roles in both ciliary and intracellular transport (reviewed by Scholey, 2013; Cole et al., 1993; Wedaman et al., 1996) . Mutations in Kif3a, Kif3b or the non-motor component, kinesin-associated protein (Kifap3; referred to hereafter as Kap3) cause ciliary defects that lead to mid-gestation lethality and randomization in left-right asymmetry (Takeda et al., 1999; Hirokawa, 2000; Nonaka et al., 1998) . Mice lacking KIF3A also display aberrant neural tube patterning similar to phenotypes seen in mice containing mutations that prevent HH pathway activation (Huangfu et al., 2003) . Previous work in vertebrates identified KAP3 as an armadillo repeatcontaining protein that forms a heterotrimeric complex with KIF3A and KIF3B and scaffolds cargo to the motors (Yamazaki et al., 1995; . Similar to Kif3a and Kif3b mutant mice, Kap3 mutant mice die during mid-gestation (Teng et al., 2005) , owing to the central role of the heterotrimeric kinesin-2 complex in ciliogenesis (reviewed in Scholey, 2013) . Further, it is this crucial role for KIF3A, KIF3B and KAP3 in ciliogenesis that complicates the use of genetics to address their role in HH signaling and explains why a role for these molecules in regulating GLI protein activity has remained elusive.
In order to dissect the role of the KIF3A-KIF3B-KAP3 complex in directly regulating GLI protein trafficking and function independent of its role in ciliogenesis, we employed a combination of biochemical, cell signaling and in vivo approaches to define novel interactions between GLI proteins and members of the kinesin-2 motor complex. Specifically, we demonstrate that both KAP3 and KIF3A, but not KIF3B, interact with GLI proteins, and we map the site of these interactions between all three proteins. Furthermore, using cell signaling assays and chicken in ovo electroporation, we find that KAP3 restricts GLI activator function but not GLI repressor function. Taken together, these data identify novel selective physical interactions between kinesin-2 motor complex components that specifically regulate GLI protein function. To determine whether the heterotrimeric KIF3A-KIF3B-KAP3 complex colocalizes with GLI proteins, we initially compared the distribution of endogenous GLI2 and GLI3 with that of endogenous KAP3 in mouse embryonic fibroblasts (MEFs) (Fig. 1) . In wild-type MEFs, both GLI2 and GLI3 localized to multiple subcellular compartments, including the nucleus, cytoplasm and the tips of primary cilia (Fig. 1A ,B, upper rows). Similar to GLI2 and GLI3, KAP3 localized to multiple subcellular compartments and colocalized with GLI2 and GLI3 within the tips of primary cilia (Fig. 1A ,B, upper rows, white arrows). Whereas GLI2 and GLI3 colocalized with KAP3 largely at the tips of primary cilia in wildtype MEFs, colocalization was observed along the entire length of cilia in Dync2h1 mutant MEFs that are defective in retrograde ciliary trafficking (Fig. 1A, middle row; Fig. 1B, lower row; Ocbina et al., 2011) . Furthermore, KAP3 localized to primary cilia in Gli2 2/2 ;Gli3 2/2 MEFs, suggesting that endogenous KAP3 ciliary localization is independent of GLI2 and GLI3 (Fig. 1A, lower row) .
In addition to assessing endogenous colocalization, we also compared the distribution of endogenous GLI2 and GLI3 with epitope-tagged KAP3A (KAP3A::HA) in HH-responsive NIH/ 3T3 fibroblasts ( Fig. 2; supplementary material Fig. S1 ). Similar to what we observed in MEFs, endogenous GLI2 and GLI3 localized to multiple subcellular compartments, including the cytoplasm, nucleus and primary cilium ( Fig. 2A ; supplementary material Fig. S1A, upper row) . Similarly, KAP3A::HA localized to multiple subcellular compartments and colocalized with endogenous GLI2 and GLI3 in primary cilia ( Fig. 2A ; supplementary material Fig. S1A , white arrows). More importantly, KAP3A::HA distribution was similar to that of endogenous KAP3, confirming that KAP3A::HA localizes to the same subcellular compartments as endogenous KAP3 (compare Fig. 1A and Fig. 2A) .
To confirm the specificity of the endogenous GLI2 and GLI3 antibodies in NIH/3T3 cells and to assess whether KAP3A::HA ciliary localization requires GLI2 and/or GLI3, we examined KAP3A::HA localization in Gli2 2/2 ;Gli3 2/2 MEFs ( Fig. 2A; supplementary material Fig. S1A , lower rows). In
Gli2
2/2 ;Gli3 2/2 MEFs, no GLI2 or GLI3 antibody signal is detected; however, KAP3A::HA still localized to primary cilia ( Fig. 2A; supplementary material Fig. S1A , lower rows). These data indicate that, like endogenous KAP3, KAP3A::HA localizes to primary cilia independently of GLI2 and GLI3.
To further assess the colocalization of GLI2 and KAP3A, we expressed an epitope-tagged version of GLI2 (MYC::GLI2) in NIH/3T3 cells (supplementary material Fig. S1B ). MYC::GLI2 localized to both the nucleus and cytoplasm, and colocalized with KAP3A::HA in these subcellular compartments (supplementary material Fig. S1B ). These data suggest that, in addition to primary cilia, GLI2 can colocalize with KAP3 in the cytoplasm and nucleus when the two proteins are expressed at similar levels.
KAP3A and KAP3B specifically interact with all full-length mammalian GLI proteins
To investigate whether KAP3 proteins physically interact with GLI2, we performed co-immunoprecipitation experiments in COS-7 cells. Two isoforms of mammalian KAP3 exist -KAP3A and KAP3B (Yamazaki et al., 1996) . KAP3A is a 792-amino-acid protein containing nine armadillo repeats (Yamazaki et al., 1996) . KAP3B is an alternatively spliced isoform of KAP3A that contains a 66-base-pair insertion immediately downstream of the codon for amino acid 757, generating a truncated 772-amino-acid protein (Yamazaki et al., 1996) . COS-7 cells were co-transfected with MYC::GLI2 and either KAP3A::HA or KAP3B::HA, followed by immunoprecipitation and western blot analysis (Fig. 2B,C) . We found that both KAP3A::HA and KAP3B::HA co-precipitated with MYC::GLI2 (Fig. 2B) . Similarly, immunoprecipitation of either KAP3A::HA or KAP3B::HA also co-precipitated MYC::GLI2 (Fig. 2C) . Notably, both KAP3A::HA and KAP3B::HA appeared to be stabilized in the presence of GLI2 (Fig. 2B ,C, compare KAP3 expression in lysates from cells transfected with KAP3 alone with that in lysates co-transfected with KAP3 and GLI2). By contrast, KAP3A and KAP3B did not interact significantly with the structurally related zinc-finger-containing transcription factor ZIC1 (supplementary material Fig. S2A ). Overall, these data suggest that GLI2 specifically interacts with both isoforms of KAP3.
The physical association of GLI2 with KAP3A and KAP3B prompted us to ask whether KAP3A and KAP3B also interact with the other full-length mammalian GLI proteins, namely GLI1 and GLI3. Similar to GLI2, we found that KAP3A co-precipitated with either GLI1 or GLI3 (Fig. 2D , upper panels) and that immunoprecipitation of KAP3A also co-precipitated GLI1 and GLI3 (Fig. 2D , middle panels). We also found that KAP3B coprecipitated with GLI1 and GLI3 (Fig. 2E) . Taken together, these data indicate that KAP3A and KAP3B physically interact specifically with all three mammalian GLI proteins.
To determine whether the interaction between GLI and KAP3 proteins is direct, we purified FLAG-tagged GLI1 and FLAGtagged KAP3A from cell lysates (Fig. 2F ) and performed immunoprecipitation experiments using an antibody directed against endogenous KAP3 (Fig. 2G ). We found that purified FLAG::GLI1 co-precipitates with purified KAP3A::FLAG (Fig. 2G ). By contrast, purified GFP::FLAG did not co-precipitate with KAP3A (Fig. 2G) . These results suggest that GLI proteins interact directly and specifically with KAP3.
GLI2 selectively interacts with kinesin-2 motors and synergistically binds KIF3A and KAP3A
The mechanism by which KAP3 facilitates cargo binding as part of the KIF3A-KIF3B motor complex is not well understood, and Immunoprecipitates (IP) and whole-cell lysates (WCL) were subjected to SDS-PAGE and western blot analysis (IB) using antibodies directed against MYC (a-MYC) and HA (a-HA). Antibody detection of b-tubulin (a-Beta-Tubulin) was used to confirm equal loading across lanes. (F) Gel Code Blue detection of affinitypurified KAP3A::FLAG, FLAG::GLI1 and GFP::FLAG from COS-7 cell lysates. Asterisks (*) denote FLAG antibody heavy and light chains eluted from the FLAG-agarose beads. (G) Immunoprecipitation (upper blots) of purified KAP3A::FLAG using an endogenous KAP3 antibody (IP: a-KAP3) followed by western blot analysis with anti-FLAG antibody (IB: a-FLAG) to detect KAP3A::FLAG, FLAG::GLI1 or GFP::FLAG. 10% of the inputs (lower blots) were visualized by western blot analysis to confirm equal protein levels. The molecular masses (in kDa) of protein standards are indicated at the left of each blot.
whether this complex is involved in transport of the GLI proteins has yet to be addressed. Previous work has indicated that KIF3A-KIF3B can exist as a separate heterodimeric complex that can bind cargo in the absence of KAP3 (Huang et al., 2012; Yamazaki et al., 1995; Yamazaki et al., 1996) , suggesting that kinesin-2 motors might use multiple mechanisms to associate with cargo. To test whether KIF3A and KIF3B themselves can interact with GLI proteins, we performed immunoprecipitation studies in COS-7 cells transfected with MYC::GLI2 and either KIF3A::HA or KIF3B::HA (Fig. 3A) . As a control, we performed similar experiments in COS-7 cells expressing KAP3A::FLAG and either KIF3A::HA or KIF3B::HA (Fig. 3A) .
Surprisingly, immunoprecipitation of GLI2 co-precipitated KIF3A, but not KIF3B (Fig. 3A , upper panels). By contrast, both KIF3A and KIF3B co-precipitated with KAP3 ( Fig. 3A , middle panels). Importantly, KIF3A and KIF3B were expressed at equal levels in cell lysates, indicating that protein expression is not an explanation for this discrepancy (Fig. 3A , lower panels). Quantification of these interactions over three separate experiments indicated that nearly 25 times as much KIF3A precipitated with GLI2 compared with that precipitating with KIF3B ( Fig. 3B ), whereas relatively equal amounts of KIF3A and KIF3B interacted with KAP3 (KIF3A:KIF3B ,1; Fig. 3B ). Taken together, these data suggest that GLI2 can interact with kinesin-2 motors, and that GLI2 preferentially interacts with KIF3A.
Because the majority of KAP3 in the cell associates with KIF3A-KIF3B (Yamazaki et al., 1995; Yamazaki et al., 1996) , we examined whether the co-expression of KAP3A with KIF3A or KIF3B would promote interactions with GLI2. We immunoprecipitated MYC::GLI2 from COS-7 cells expressing KAP3A::FLAG and either KIF3A::HA (Fig. 3C ) or KIF3B::HA (Fig. 3D) . Strikingly, co-expression of KAP3A and KIF3A resulted in significantly more co-precipitation of both proteins with GLI2 compared to that observed following expression of either protein individually ( Fig. 3C; Fig. 3D ; second panel, cf. lane 6 and lane 8) that coprecipitated with GLI2. Taken together, these data suggest that GLI2 preferentially interacts with KIF3A rather than KIF3B and that co-expression of KIF3A and KAP3A promotes synergistic interactions of both proteins with GLI2.
The armadillo repeats in KAP3 mediate interactions with GLI2
We next performed a complementary set of biochemical experiments to determine the regions within KAP3A and KIF3A that are required to interact with GLI proteins. Previous work has indicated that KAP3A interacts with cargo proteins through its armadillo repeats (Gindhart and Goldstein, 1996; Jimbo et al., 2002; Morris et al., 2004; Brown et al., 2005) ; however, whether KAP3A interacts with GLI proteins in a similar manner is unclear. To test this, we generated two epitope-tagged truncated versions of KAP3A (KAP3ADC::HA and KAP3ADN::HA; Fig. 3E ). These constructs delete .100 amino acids C-terminal (KAP3DC) or Nterminal (KAP3DN) to the centrally located armadillo repeats of KAP3. Immunoprecipitation of GLI2 co-precipitated full-length KAP3A, KAP3ADC and KAP3ADN (Fig. 3F ). These data are consistent with the notion that the armadillo repeats in KAP3A mediate interactions with GLI2. Attempts to identify specific armadillo repeats in KAP3 that are required to interact with GLI proteins were hindered by poor expression of these constructs, thus precluding further analysis (data not shown).
The N-terminal motor domain of KIF3A is dispensable for interactions with GLI2
To map the domain within KIF3A that mediates interactions with GLI proteins, we immunoprecipitated MYC::GLI2 from cells expressing either KIF3A::HA or a version of KIF3A that lacks the conserved N-terminal motor domain, DNKIF3A::HA (Fig. 3G ). KIF3A and DNKIF3A both co-precipitated with GLI2, albeit less strongly when compared with KAP3A (Fig. 3H, upper panels) . Notably, DNKIF3A was expressed at lower levels than full-length KIF3A, which might explain the quantitative difference in GLI2 association (Fig. 3H, lower panels) . Regardless, these data indicate that the motor domain of KIF3A is dispensable for interactions with GLI2.
KAP3A interacts with a constitutive GLI repressor, but not a constitutive GLI activator
Given that GLI1-3 interact with KAP3, we sought to identify the domains within the GLI proteins that mediate binding to KAP3. Specifically, we examined the requirements for the N-and Ctermini of the GLI proteins in KAP3 interactions (Fig. 4) . Here, we took advantage of the high degree of sequence conservation shared between mammalian GLI2 and GLI3 proteins. GLI2 and GLI3 contain a conserved N-terminal transcriptional repressor domain and a carboxy-terminal transcriptional activation domain (Sasaki et al., 1999) . We generated two constructs -one that encodes an epitope-tagged, N-terminal-truncated, constitutively active GLI2 (MYC::GLI2DN; Roessler et al., 2005;  Fig. 4A ) and a second that encodes an epitope-tagged, C-terminal-truncated GLI3 (MYC::GLI3R; Fig. 4E ) that functions as a constitutive transcriptional repressor (Meyer and Roelink, 2003) . Immunoprecipitates (IP) and whole-cell lysates (WCL) were subjected to SDS-PAGE and western blot analysis (IB) using antibodies directed against MYC (a-MYC) and HA (a-HA). Antibody detection of b-tubulin (a-Beta-Tubulin) was used to confirm equal loading across lanes. (E) Schematic of full-length and truncated human KAP3A proteins. KAP3A contains highly conserved armadillo repeats (dark blue), a KAP3A-specific sequence (gold) and an HAtag at the C-terminus (purple). (F) Immunoprecipitation of MYC::GLI2 from COS-7 cells expressing HA-tagged KAP3A (KAP3A::HA), KAP3ADC (KAP3ADC::HA) or KAP3ADN (KAP3ADN::HA). (G) Schematic of full-length and truncated human KIF3A proteins. KIF3A contains a highly conserved motor domain (blue), a rod domain (gray), a cargo-binding tail domain (pink) and an HA tag at the C-terminus (purple). (H) Immunoprecipitation of MYC::GLI2 from COS-7 cells expressing KAP3A::HA, KIF3A::HA or HAtagged DNKIF3A (DNKIF3A::HA). Immunoprecipitates and whole-cell lysates were subjected to SDS-PAGE and western blot analysis using antibodies directed against MYC and HA. Antibody detection of b-tubulin was used to confirm equal loading across lanes. The molecular masses (in kDa) of protein standards are indicated at the left of each blot. To confirm the activity of these constructs, we tested their function in a cell-based HH reporter assay. Consistent with previous reports, full-length GLI2 induced an approximately 12-fold increase in HH-dependent luciferase expression in NIH/3T3 fibroblasts compared with no treatment (Kim et al., 2009; Fig. 4B) . This is similar to the level of induction observed when cells are exposed to N-terminal Sonic Hedgehog (NSHH)-conditioned medium (Fig. 4B) . Importantly, we observed a synergistic induction of luciferase activity (,40-fold induction) when Gli2-transfected cells were also treated with NSHHconditioned medium (Fig. 4B) . These results confirm that MYC::GLI2 functions to activate HH-dependent transcription in NIH/3T3 cells.
In contrast to full-length GLI2, expression of constitutively active MYC::GLI2DN resulted in ,90-fold induction of luciferase activity (Fig. 4C) . These results support those of previous studies (Roessler et al., 2005; Sasaki et al., 1999) and confirm that MYC::GLI2DN functions to activate HH signaling at high levels in mammalian cells. To determine the requirement for the N-terminal domain of GLI2 in mediating KAP3 binding, we performed additional co-immunoprecipitation studies (Fig. 4D) . Surprisingly, although full-length GLI2 and GLI2DN were expressed at similar levels in cell lysates and were precipitated equivalently, KAP3A only co-precipitated with full-length GLI2 and did not significantly interact with GLI2DN (Fig. 4D ). These data suggest that the N-terminal domain of GLI2 is required to interact with KAP3 proteins.
We next tested MYC::GLI3R activity in luciferase assays and compared its function to that of full-length MYC::GLI3 (Fig. 4F) . Unlike GLI2, full-length GLI3 did not induce significant HH pathway activity in the absence of ligand treatment (Fig. 4F) . Furthermore, treatment of cells expressing full-length GLI3 with NSHH-conditioned medium did not significantly induce luciferase activity beyond that observed with NSHH treatment alone (Fig. 4F) . These data are consistent with the current paradigm that GLI3 functions mainly as a transcriptional repressor in vivo (Wang et al., 2000) . By contrast, MYC::GLI3R induced a small but significant decrease in luciferase induction when compared with no treatment in the absence of HH ligand treatment (Fig. 4F) . Similarly, MYC::GLI3R significantly decreased NSHH-mediated luciferase induction (Fig. 4F) . These data confirm that MYC::GLI3R functions as a transcriptional repressor in cell signaling assays.
We performed immunoprecipitation studies with full-length GLI3 and GLI3R to assess interactions with KAP3A (Fig. 4G) . Similar to the results presented in Fig. 2 , KAP3A co-precipitates with full-length GLI3. Importantly, KAP3A also co-precipitates with GLI3R (Fig. 4G) . These data suggest that the N-terminus of GLI3 is sufficient to mediate physical interactions with KAP3A. Notably, immunofluorescence localization data demonstrate that GLI3R is localized exclusively to the nucleus (supplementary material Fig. S3 ). Taken together, these results further suggest that there is a common N-terminal domain in GLI2 and GLI3 that promotes interactions with KAP3.
The N-terminus of GLI2 interacts with KAP3A
To more precisely map the domains within the GLI proteins that interact with KAP3A, we generated a series of epitope-tagged Nterminal-truncated versions of GLI2 (Fig. 5A) . GLI2DN, which failed to appreciably interact with KAP3A (Fig. 4D) , lacks the Nterminal 328 amino acids of GLI2 (Roessler et al., 2005) . Therefore, we generated MYC::GLI2
154-1586 to determine whether amino acids 154 to 328 mediate KAP3 binding. Similar to GLI2DN, and in contrast to full-length GLI2, immunoprecipitation of MYC::GLI2 154-1586 failed to coprecipitate KAP3A (Fig. 5B) . We employed this strategy iteratively, generating MYC::GLI2 61-1586 to assess whether amino acids 61 to 153 mediate GLI2 interactions with KAP3A. Importantly, GLI2
61-1586 did co-precipitate similar amounts of KAP3A as compared to full-length GLI2 (Fig. 5B) . These data suggest that GLI2 interacts with KAP3A through an N-terminal motif that lies between amino acids 61 and 153.
To test the functional significance of this interaction, we again utilized luciferase reporter assays in HH-responsive NIH/3T3 cells (Fig. 5C ). Whereas expression of full-length GLI2 promoted a small but significant increase in luciferase activity, GLI2 induced an ,70-fold increase in luciferase activity, similar to the induction observed with GLI2DN (cf. Fig. 4C and Fig. 5C ). By contrast, GLI2 61-1586 promoted much lower levels of signaling (,12-fold), which is similar to the induction observed with fulllength GLI2 (Fig. 5C ). These data correlate GLI binding to KAP3 with reduced HH pathway activity.
Having narrowed the KAP3-binding domain in GLI2 to an area of ,100 amino acids, we generated two additional constructs to more finely map this interaction. We first generated GLI2
108-1586 ; similar to GLI2DN, GLI2
108-1586 did not co-precipitate KAP3A as effectively as full-length GLI2 or GLI2 (Fig. 5D ). These data suggest that amino acids 61-108 are necessary to interact with KAP3A. Therefore, we also deleted these amino acids from full-length GLI2 (GLI2 D61-108 ; Fig. 5A ). GLI2 D61-108 does not effectively co-precipitate KAP3A compared with full-length GLI2 (Fig. 5D ), confirming that amino acids 61-108 are essential for GLI2 interactions with KAP3.
To further test the correlation between GLI::KAP3 interactions and reduced HH pathway activity (Fig. 5C ), we examined whether deletion of the domain responsible for KAP3 binding might result in higher GLI activity. Indeed, GLI2
D61-108 promotes approximately threefold greater luciferase induction than fulllength GLI2 in cell signaling assays (Fig. 5E ). Taken together, these data identify an interaction between GLI2 and KAP3A that is mediated by 47 amino acids within the N-terminus of GLI2 that acts to restrict GLI2 activity.
KAP3A interactions with GLI3 do not alter GLI repressor function
To test whether the KAP3-binding domain identified in GLI2 could also mediate interactions between GLI3 and KAP3A, we generated a MYC::GLI3R D134-182 construct that contained a deletion of the analogous motif in GLI3 (Fig. 6A) . Similar to GLI2 D61-108 (Fig. 5D ), GLI3R D134-182 did not effectively coprecipitate KAP3A compared with full-length GLI3 and GLI3R (Fig. 6B) , demonstrating that the 47-amino-acid KAP3-binding domain is conserved between GLI2 and GLI3.
We also compared the repressor function of GLI3R to GLI3R D134-182 in the presence of NSHH-mediated luciferase induction (Fig. 6C) . Surprisingly, and in stark contrast to the transcriptional activation data obtained with GLI2, GLI3R and GLI3R D134-182 were equally effective in repressing HH pathway activation (from ,4.5-fold to 1.5-fold), suggesting that perturbing the interaction between GLI3R and KAP3 does not alter GLI3 repressor activity (Fig. 6C) . Taken together, these data indicate that the KAP3-binding domain is conserved between GLI2 and GLI3, and that KAP3 binding selectively restricts GLI activator but not GLI repressor function. 
KAP3 interactions with GLI2 restrict HH pathway activation in vivo
To extend the observation that KAP3-GLI interactions selectively restrict GLI activator but not GLI repressor function, we utilized chicken in ovo neural tube electroporation (Fig. 7) . Here, we can assess the consequences of GLI function on the expression of endogenous HH targets to read out different levels of HH pathway activation, including those targets (e.g. NKX2.2) that exclusively require GLI activator function for their expression (Bai et al., 2004; Bai and Joyner, 2001; Bai et al., 2002; Oosterveen et al., 2012; Peterson et al., 2012) .
Electroporation of empty vector (pCIG) did not alter expression of the low-level HH pathway target, NKX6.1 (Fig. 7A) . By contrast, electroporation of Gli2 promoted cell autonomous ectopic NKX6.1 expression, as did electroporation of a KAP-binding-deficient Gli2 construct (Gli2 D61-108 ) and constitutively active Gli2DN (Fig. 7A) . Strikingly, GLI2 was not sufficient to promote ectopic NKX2.2 expression in the developing neural tube, whereas expression of a KAP3-bindingdeficient GLI2 (GLI2D61-108) did induce cell-autonomous NKX2.2 expression, similar to what was observed with expression of constitutively active GLI2DN (Fig. 7B) . Notably, ectopic NKX2.2+ cells were detected even in the dorsal-most aspect of the chicken neural tube (Fig. 7B, arrows) .
To test whether KAP3-binding-deficient GLI3R (GLI3RD134-182) is sufficient to repress endogenous HH target genes in the developing chicken neural tube, we electroporated GLI3R and GLI3RD134-182 and assessed PAX7 expression (supplementary material Fig. S4 ). Whereas HH signaling normally restricts PAX7 expression to the dorsal neural tube, electroporation of GLI3R resulted in ventral expansion of PAX7 even in the ventral-most aspect of the neural tube (supplementary material Fig. S4A , upper row, white arrows). Similar to GLI3R, the KAP3-bindingdeficient GLI3R (GLI3RD134-182) induced ectopic PAX7 ) from COS-7 cells expressing HA-tagged KAP3A (KAP3A::HA). Immunoprecipitates (IP) and whole-cell lysates (WCL) were subjected to SDS-PAGE and western blot analysis (IB) using antibodies directed against MYC (a-MYC) and HA (a-HA). Antibody detection of b-tubulin (a-Beta-Tubulin) was used to confirm equal loading across lanes. (C) Luciferase activity readout of HH signaling after transfection with empty vector (No Treatment), Gli3R or Gli3 D134-182 . HH pathway activity is measured as the fold luciferase induction. Data represent the mean6s.d. for triplicate samples in a single experiment and are representative of three independent experiments; P-values are indicated above the relevant treatment groups (Student's unpaired t-test). expression throughout the ventral neural tube (supplementary material Fig. S4A , lower row, white arrows). Taken together, these data support the notion that KAP3-binding restricts the activator but not repressor function of the GLI proteins.
DISCUSSION GLI proteins physically interact with the heterotrimeric kinesin-2 motor complex
Tightly regulated trafficking and processing of GLI proteins are vital for proper HH signaling (Haycraft et al., 2005; Kim et al., 2009) . However, the mechanisms that regulate GLI protein function remain poorly understood. Here, we present evidence that the heterotrimeric KIF3A-KIF3B-KAP3 kinesin-2 motor complex selectively regulates GLI activator function through multiple physical interactions (Fig. 8A) . Specifically, we find that all three mammalian GLI proteins physically interact with the kinesin-associated protein, KAP3. Furthermore, we demonstrate that GLI2 and GLI3 interact with KAP3 through a conserved Nterminal 47-amino-acid domain that restricts GLI activator but not GLI repressor function. We also map the GLI-binding site in KAP3 to the conserved armadillo repeats that mediate interactions with other KAP3 cargo proteins (Gindhart and Goldstein, 1996; Jimbo et al., 2002; Phang et al., 2014) . In addition, we find that GLI proteins selectively interact with the KIF3A kinesin-2 motor component, but not appreciably with KIF3B. Strikingly, GLI proteins interact synergistically with KIF3A and KAP3, forming a robust complex that suggests GLI protein function is regulated by multiple interactions with the kinesin-2 motor complex. To our knowledge, this study provides the first evidence that GLI proteins physically interact with plusend-directed kinesin-2 motor proteins, despite their implication in HH signaling for over a decade (Takeda et al., 1999; Huangfu et al., 2003) . These results are of particular significance given that ciliary transport of cargo is currently believed to be largely mediated by interactions with IFT particles (Scholey, 2003; Bhogaraju et al., 2013; Qin et al., 2004) . However, our data suggest a novel paradigm where direct interactions of kinesin-2 motors with GLI protein cargo can regulate their trafficking and function. Notably, these results are consistent with recent work suggesting that kinesin-2 motors also mediate the anterograde trafficking of dynein proteins independently of IFT particles (Hao et al., 2011) . Further studies are needed to elucidate whether ciliary trafficking of GLI proteins occurs independently of IFT and BBSome protein interactions.
Complex regulation of GLI protein processing and activity
Multiple proteins modulate GLI transcriptional activity to control the output of HH signaling. Suppressor of Fused (SUFU) represses HH signaling by binding to GLI proteins and preventing their nuclear transport (Kogerman et al., 1999; Barnfield et al., 2005) . SUFU-GLI complexes traffic to primary cilia in response to HH stimulation, a process necessary for dissociation of the complex and subsequent nuclear translocation of GLI proteins (Tukachinsky et al., 2010) , but the mechanisms that control complex assembly and/or disassembly are unclear. Here, we show that KAP3 interacts with GLI2 and GLI3 and colocalizes with these proteins in primary cilia. KAP3 might control GLI activity through effects on SUFU-GLI complex formation. However, interactions between KAP3 and the constitutively nuclear-localized GLI3R also suggest a role for KAP3 at the level of nuclear trafficking. It is plausible that the KIF3A-KIF3B-KAP3 complex controls both the nuclear and ciliary trafficking of GLI proteins, but further experiments are required to elucidate these mechanisms. It will be of particular interest to test whether KAP3 affects SUFU-GLI interactions and the requirement for cilia in this process.
KAP3 interactions with GLI proteins specifically regulate GLI activator function
We demonstrate that a conserved 47-amino-acid domain in GLI2 and GLI3 mediates KAP3 interactions, and that deletion of this domain from GLI2 results in increased transcriptional activity. Notably, this motif encompasses a portion of a previously identified N-terminal repressor domain (Sasaki et al., 1999) . As a result, one possibility is that the increase in GLI2 activity is simply due to loss of this poorly defined repressor domain. However, two key findings argue against this notion. First, elimination of the analogous domain in GLI3 does not alter GLI3 repressor function, suggesting that this domain does not possess general repressive activity. Second, electroporation of a KAP-binding-deficient Gli2 construct in the developing chicken neural tube induces ectopic NKX2.2 expression, which requires GLI activator function and cannot be induced simply by the loss of GLI repression (Matise et al., 1998; Bai et al., 2004) . Taken together, these data support a novel paradigm where GLI-KAP3 interactions selectively restrict the activator but not the repressor function of GLI proteins.
These observations are similar to SUFU regulation of GLI proteins, where GLI3 repressor can function independently of SUFU (Wang et al., 2010) . In these studies, SUFU interacts with both GLI2 and GLI3; however, GLI3 repressor is able to rescue the ventralized neural tube phenotype in Sufu 2/2 embryos (Wang et al., 2010) . It is interesting to speculate that, similar to SUFU, KAP3 might regulate GLI activator proteins during transit to the nucleus, although the nature of GLI, KAP3 and SUFU interplay will require further study.
Regulation of GLI function by kinesin proteins
Initial studies in Drosophila identified Cos2 (also known as Cos) as a kinesin-related protein that controls HH signaling through interactions with Ci, the Drosophila homolog of GLI Robbins et al., 1997) . More recent studies in vertebrates identified a similar role for the Cos2 homolog, Kif7, in the regulation of GLI protein function (Liem et al., 2009; EndohYamagami et al., 2009; Cheung et al., 2009 ). In particular, KIF7, and the structurally related kinesin KIF27, both interact with GLI proteins (Endoh-Yamagami et al., 2009; Cheung et al., 2009; Maurya et al., 2013; Marks and Kalderon, 2011) , whereas KIF7 specifically functions to both promote and antagonize GLI activity (Maurya et al., 2013; Hsu et al., 2011; Li et al., 2012) . KIF7 promotes HH signaling through dissociation of SUFU-GLI complexes, and controls the ciliary localization of GLI proteins in a tissue-specific manner (Hsu et al., 2011; Maurya et al., 2013; Endoh-Yamagami et al., 2009) . Although the KIF7-GLI interaction sites have not been precisely mapped, GLI proteins appear to interact with KIF7 through multiple domains, including an N-terminal motif (Marks and Kalderon, 2011) . One hypothesis is that KAP3 competes for KIF7 binding to GLI proteins, thus limiting the dissociation of GLI-SUFU complexes and restricting GLI protein function. Interestingly, KIF7 functions to organize the ciliary tip compartment through the regulation of microtubule dynamics (He et al., 2014) . Furthermore, the effects of KIF7 are controlled by PPFIA1-and PP2A-mediated regulation of KIF7 phosphorylation (Liu et al., 2014) . These results suggest that either the loss of KIF7 (He et al., 2014) or altered KIF7 Fig. 8 . Model of GLI-kinesin-2 complex interactions and subcellular localization. (A) Schematic summary of biochemical interactions between GLI proteins (blue), KAP3 (gray), KIF3A (dark green) and KIF3B (yellow). Truncated versions of GLI proteins, GLI2DN and GLI3R, are represented in light green and red, respectively. Plus (+) and minus (2) represent the relative strength of interaction based on the immunoprecipitation studies, with 2 indicating no interaction and ++++ denoting the strongest interaction. (B) Schematic of the functional consequence of the KAP3-GLI interaction on GLI activator (green) and subcellular localization of the GLI (blue)-KAP3 (gray)-KIF3A (dark green)-KIF3B (yellow) complex. The primary cilium is represented by microtubules (brown) extending from basal bodies (gray) with the ciliary barrier depicted by thin black lines. Plus (+) and minus (2) depict microtubule directionality. Question marks denote putative plus-end trafficking roles for KIF3A-KIF3B-KAP3 in regulating GLI proteins based on biochemical, immunofluorescence and signaling studies.
phosphorylation (Liu et al., 2014) affects the ciliary localization and activity of GLI proteins. However, given that KIF7 does not possess plus-end-directed microtubule motor activity (He et al., 2014) , one possibility is that KAP3-GLI protein interactions are disrupted in Kif7-mutant cells owing to the disorganized ciliary tip compartments. It will be particularly important to test these interactions in cells with different KIF7 expression levels and phosphorylation states, and to assess the role of KIF7 in mediating kinesin-2 interactions with GLI proteins.
Our data indicate that, in addition to KIF7 and KIF27, GLI proteins also interact with KIF3A, suggesting that multiple kinesin proteins control GLI function. That KIF3A interacts with GLI proteins independently of KAP3 has precedent in the literature. For example, the TRIM protein RNF33 (also known as TRIM60) interacts with KIF3A and KIF3B in mouse testis (Huang et al., 2012) . Additionally, the protein phosphatases DUSP26 and POPX2 (also known as PPM1F) interact with both KIF3 and KAP3 proteins (Tanuma et al., 2009; Phang et al., 2014) . These data also raise the question of whether GLI proteins interact with yet additional kinesin proteins. Our results indicate that GLI2 preferentially interacts with KIF3A but not KIF3B, analogous to earlier data demonstrating selective interactions of GLI2 with KIF7 and KIF27 (Cheung et al., 2009) . Future studies will be required to determine whether GLI proteins interact with: (1) additional kinesin-2 motors, including KIF3C and KIF17 (Yang et al., 2001; Yang and Goldstein, 1998; Insinna et al., 2008; Snow et al., 2004) , (2) other kinesin motors implicated in ciliary trafficking (Morsci and Barr, 2011) and (3) non-ciliary kinesin motors (Hirokawa et al., 2009) .
In addition to kinesin-2 motors and their adaptor proteins, IFT particles, such as IFT25 and IFT122, also regulate GLI ciliary localization (Qin et al., 2011; Keady et al., 2012) . However, whether this is mediated by physical interactions between GLI and IFT particles remains unexplored, and whether KAP3 interacts directly with these IFT particles has not been tested. One possibility is that, along with KAP3, IFT particles interact with GLI proteins to mediate ciliary GLI trafficking. In addition to their role in ciliary trafficking, IFT particles also function in trafficking outside of the primary cilium (reviewed by Baldari and Rosenbaum, 2010) . For example, IFT particles traffic T-cell receptors to the immune synapse (Finetti et al., 2009) . Future studies will determine whether IFT particles interact with GLI proteins and the consequences of these interactions on GLI processing and activity.
In summary, despite the indirect role of KIF3A-KIF3B-KAP3 in HH signaling owing to their role in ciliogenesis, the issue of whether these motors control HH signaling directly through interactions with HH pathway components has remained unexplored. Here, we identify GLI proteins as novel cargo of the heterotrimeric kinesin-2 motor complex that physically interact with KAP3 and selectively interact with KIF3A but not KIF3B. Based on our data, we propose a model (Fig. 8B) where GLI proteins interact with kinesin-2 motors through synergistic interactions with KAP3 and KIF3A that selectively restrict GLI activator but not GLI repressor function. We postulate that kinesin-2 motors might regulate: (1) anterograde GLI trafficking to ciliary tips, (2) GLI trafficking to the nucleus following ciliary transport or (3) GLI transport to other cellular compartments (Fig. 8B) . Although the precise molecular mechanism awaits elucidation, our findings identify a direct role for the kinesin-2 motor protein complex in HH signaling through physical interactions with GLI proteins that selectively regulate GLI transcriptional activity.
MATERIALS AND METHODS

DNA constructs
To generate 66MYC-tagged constructs, murine (m)Gli1, human (h)Gli2, hGli2DN, hGli2 , hGli2 , hGli2
218-1586 , hGli2
154-1586 , hGli2
108-1586 , hGli2 61-1586 , hGli3 and hGli3R cDNAs were cloned into pCDNA3 using standard molecular biology techniques. To generate a version of hGLI2 lacking amino acids 61-108 (hGli2D ), we amplified hGli2 using forward (59-TCTTGCCACCATTCCATGCG-GCTGGCCCTGGGGAGTCCCC-39) and reverse (59-GGGGACTC-CCCAGGGCCAGCCGCATGGAATGGTGGCAAGA-39) mutagenesis primers. To generate a version of hGLI3R lacking amino acids 134-182 (hGLI3R D134-182 ) we amplified hGLI3R using forward (59-TTTTC-CCTGCCTTCCATCCTACTGCTGCTTCCGAGTCTCC-39) and reverse (59-GGAGACTCGGAAGCAGCAGTAGGATGGAAGGCAGGGAAAA-39) mutagenesis primers. Hemagglutinin (HA)-tagged hKap3a, hKap3b, hKif3a, hDNkif3a and mKif3b, FLAG-tagged hKap3a, HA-tagged hGli2DN and 66MYC-tagged hGli2 and hGli2 D61-108 cDNAs were cloned into pCIG (Megason and McMahon, 2002) . Gli cDNAs were provided by Drs Bradley Yoder (University of Alabama) and Andrzej Dlugosz (University of Michigan). Zic1 cDNA was supplied by Dr Kate Barald (University of Michigan).
Immunoprecipitation and western blot analysis COS-7 cells were transiently transfected with the relevant DNA constructs using Lipofectamine 2000 (Invitrogen, catalog number 11668). The cells were lysed 48 h after transfection in HEPES lysis buffer (25 mM HEPES pH 7.4, 115 mM KOAc, 5 mM NaOAc, 5 mM MgCl 2 , 0.5 mM EGTA and 1% Triton X-100) containing protease inhibitor (Roche, catalog number 11836153001). Cell lysates were then subjected to centrifugation at 14,000 g for 15 min to remove the insoluble fraction, and protein concentrations were determined using a bicinchoninic acid (BCA) Assay Kit (Pierce, catalog number 23225). Cell lysates (1 mg) were then pre-cleared with Protein-G-agarose beads (Roche, catalog number 11719416001) for 1 h at 4˚C. MYC-or HAtagged proteins were immunoprecipitated from pre-cleared lysates using either anti-MYC (1:150; Santa Cruz, sc-40) or anti-HA (1:300; Covance, MMS-101) antibodies for 2 h at 4˚C. Following immunoprecipitation, the lysates were incubated with Protein-G-agarose beads for 1 h at 4˚C. The Protein-G-agarose beads were subjected to five 8-min washes in HEPES lysis buffer and resuspended in 30 ml of 16PBS and 66Laemmli buffer. The samples were boiled for 10 min and proteins were separated using SDS-PAGE and analyzed by western blotting. Anti-MYC (1:1000) and anti-HA (1:1000) primary antibodies, peroxidase-conjugated AffiniPure goat anti-mouse-light-chain secondary antibody (1:50,000, Jackson ImmunoResearch, 115-035-174) and a Konica Minolta SRX-101A medical film processor were used to visualize tagged proteins. Western blots were quantified using ImageJ software.
Purification and immunoprecipitation of FLAG-tagged proteins
For purification of GFP::FLAG, KAP3A::FLAG and FLAG::GLI1, COS-7 cells were transfected with the appropriate DNA expression constructs. At 48 h post-transfection, cells were harvested by lysis in a solution containing 50 mM HEPES pH 7.5, 150 mM NaCl, 1% Triton X-100 and a protease inhibitor cocktail. Lysates were centrifuged at 16,000 g for 15 min. The resulting supernatant was mixed with anti-FLAG M2 agarose beads (Sigma-Aldrich) and incubated for 2 h at 4˚C. After extensive washes in lysis buffer, bound proteins were eluted from the beads with two 20-min incubations with 300 mg/ml of 36 FLAG peptide (ApexBio) at 25˚C. Post-elution lysates were subjected to SDS-PAGE and analyzed by Gel Code Blue staining (Thermo Scientific). Equal amounts of the eluted FLAG-tagged proteins were combined, and KAP3A::FLAG was immunoprecipitated from lysates using mouse anti-KAP3 (BD Biosciences) and the same immunoprecipitation methods described above. A mouse anti-FLAG antibody (1:1000, Sigma-Aldrich), peroxidase-conjugated AffiniPure goat anti-mouse-light-chain secondary antibody (1:50,000, Jackson ImmunoResearch) and a Konica Minolta SRX-101A medical film processor were used to visualize tagged proteins.
